This paper describes the unique design and test requirements for the cable dielectrics selected for evaluation for use in Ocean Thermal Energy Conversion plants.
ABSTRACT:
This These cables are designed to transmit 100 MW at 138 kV, and will be subjected to installatien and operating conditions that are unprecedented for any power cable system. These conditions include ocean depths of q,OOO to 5,000 feet, long vertical suspension, and the motions and forces imparted by the plant and ocean.
The developmental test program is designed primarily to determine the weak link in the componeuts of the candidate cable with regard to the ability to successfully withstand the unusual OTEC conditions over a 10 to 30 year lifetime. Two basic areas of concern are the meehanical fatigue of metallic sheaths and strength memhers, and the electrical/mechanical "fatigue" of the dielectric and shielding components. The paper will address the constraints and problems in such testing, and the engineering solutions will also be described. Finally, the scheduled plan for completion of the entire development test plan will be defined.
INTRODUCTION
OTEC Overview -Ocean Thermal Energy Conversion (OTEC) plants 1 now being developed offer the promise of significant energy from renewable sourees before the turn of the century. OTEC plants generate power from ocean water by making use of the energy-level differences between the cold ocean water at depths of 3,000 feet or more, and the relatively hot surface water in tropical areas. The requireed difference in temperature is about Z0°C, which is found in areas of deep ocean waters in a band from Z0° North Latitude to Z0° South Latitude. The riser cables will span a distance which is relatively short compared to the transmission cables, but the environment they must withstand has never before been faced by high voltage cables. The cables will span from attachment points on the OTEC plants to the ocean bottom in depths of 4,000 to 6,000 feet.
The cables must withstand the hydrastatic pressures at these depths, while withstanding constant flexure caused by motions of the OTEC plant and by the action of the seas and currents acting directly on the cables. The cables must withstand, too, the flexure at the points where they ore attached to the constantlymoving OTEC plants, and at the points where they interface with fixed transmission lines on the ocean bottom.
They must be capable of continuing in operation while the OTEC plant is driven by maximum operational conditions of 18-22 foot seas. Further, they are to be designed to survive for a minimum of ten years exposure to these unprecedented conditions.
Riser Cable Alternatives -From many alternatives, two basic riser cable designs have been selected as having the greatest potential life expectancy. 9 Each design is considered to be a reasonable extension of present power cable technology, with special features added to accommodate the dynamie ocean environment. Nonetheless, an extensive test program is required to validate the designs and evaluate certain alternatives still remaining.
The choice of high voltage insulation for these test cables was narrawed to two basic dielectrics:
138 kV extruded cross-linked polyethylene ( Figure 1 ) and high pressure oilfilled paper ( Figure 2 ). Tests will be performed to determine the effects on these dielectrics due to the OTEC environment. Key features of each are the herroetic sheaths and balanced-torque armaring with a relatively new stainless steel, type AL-6A. 
/shlelding
An herroetic sheath is desirable on the XLPE cables to minimize the possibility of watertreeing, while such a sheath is essential for the paper cable. The first choice of herroetic 114 sheath is a reinforeed lead -an extension of years-old technology for staticnary power cables.
Alternatively, one of several forms of corrugated herroetic sheath of capper or aluminum may be required in order to obtain the necessary life in flexure.
A key function of the tests to be described is to identify the materials and configurations which give the best promise of meeting the lO-year life in flexure.
For the armor of either cable design, a double-layer, balanced-torque design is required in order to minimize the twisting of the cables during deployment between the OTEC plant and the ocean bottom.
A non-magnetic material is desirable in order to minimize induction losses in the single-conductor cables. Special stainless steels are required to provide necessary tensile strength and eerrosion resistanee in a non-magnetic material. The selected material, alloy AL-6X, while never before used in the form of cable armor in large sizes, has shown excellent resistance to stress-eerrosion and eerrosion fatigue when in other forms.
A major function of the test to be described is to evaluate the performance of AL-6X as an armor wire, and to compare its performance with that of other candidate armor materials.
A final, and most critica!, series of tests to be described are electro-mechanical tests of complete full-scale cables in a simulated ocean environment under combined electrical and mechanica! loading. The test program to be described is designed to evaluate performance in the OTEC environment. At the eonelusion of the test program, it is expected that a candidate riser cable design for the 10-40 MW OTEC plant can be selected with a high degree of confidence. At the time that these tests are being concluded, design and manufacture of candidate riser cables for the 100-400 MW OTEC plants will have begun. An extension of these tests to evaluate the new 100-400 MW riser cables will then be under taken.
Testing Criteria
The This aceeieration of meehanical effects will come through increased rate testing.
Meehanical load conditions are selected to be at the severe end of the predicted behavier of the OTEC system but will not be increased to a level altering the mechahisms of aging and failure. The electrical componentof the test will not be accelerated.
The electrical testing criteria are based on the fellowing system parameters.
The 60 Hz voltage on the full-scale cable will be 96 kV, 120% of the rated phase-to-ground voltage. This figure includes a 10% allowance for voltage variatien and a 10% allowance to take the testing level above the margin of operation. Current will be set to values calculated to produce a maximum 90°C conductor temperature for the XLPE cable and 85°C for the HPOF cable.
The meehanical leading was selected to be typical of any of the OTEC systems at the plantship termination.
As with any electrameehanical cable, the upper terminatien is the critical area from a meehanical viewpoint. The mean static tension was selected to be 50,000 lbs., a typical value for any deployment for cables of this size in 4,000 feet of water. The number of meehanical fatigue cycles was assurned to equal the number of waves that impinge on the plantship over a lO-year period. The bulk of plant motions are very small, so a Miner fatigue analysis was performed for both the sheath and armor wire to determine what portion of the loading is significant. As a re sult, the 250,000 greatest cyclic tensions and 2xl0 6 smallest radius cyclic bends were judged to create the Miner fatigue damage comparable to a ten-year life. These values were then selected as the test criteria.
The tensions will be applied in spectrum with cyclic componeuts ranging from 30,000 to 150,000 lbs. The test bending will occur at a constant amplitude of a 100-ft. bend radius. Twisting of the cable will cause a negligible amount of the fatigue damage and has not been incorporated in the electra-meehanical fatigue tests.
The environmental medium of the tests will be natural seawater saturated with oxygen at ambient test lab temperature.
Developmental Test Program -Due to the unprecedented submarine cable environment predicted for the OTEC deployment, the following minimum component and full-scale tests are deerned necessary to meet the riser cable October 1, 1980, deadline.
The three most critical componeuts that will be tested are:
The Dielectric
The Herroetic Sheath
The External Armor Dielectric Tests -The evaluation of the dielectric will come through the testing of fullscale prototypes.
The first test to study dielectric behavior will be the electricall meehanical fatigue test simulating the typical OTEC service. Special test rigs are being built by Simplex to perform this test, which includes simultaneaus cyclic tension, bending, voltage and current, all in a seawater environment. One of the main areas of interest in this test is dielectric behavior under combined meehanical and electrical stresses. Dielectric behavior will' be monitored by periadie measurement of partial discharge (solid dielectric only) and dissipation factor/ capacitance at 1.0, 1.2, 1.5 and 2.0 times rated voltage-to-ground. Each test will be compos ed of two portions: half with meehanical cycling and rated voltage, and half with roeehanical cycling, rated voltage and rated current with load cycling.
The other dielectric test is an immersion test of th·e XLPE cores without jacketing or sheathing in natural seawater. This immersion test will be a measure of resistance to treeing of the prototype cables, relating to the life of the cable in service. After immersion times of 6, 12, 24, and 30 months of four samples at 120% of rated line-to-ground voltage, the core samples will be subjected to an impulse breakdown test.
After breakdown, the cable will be dissected and examined in the vicinity of the breakdown, as well as the wet-to-dry interfaces.
Hermetic Sheath Tests -Lead alloy sheathing is the current state-of-the art for submarine cables.
Current lead fatigue data represeuts number of cycles typical of daily lo ad cycling; data for the larger number of cycles expected for OTEC service is insufficient.
Therefore, fatigue tests of arsenical and copper bearing lead coupons are planned to extend data into the strain range necessary to produce lives of 10 5 to 10 7 cycles expected in the OTEC environment. These samples are taken from actual manufactured cable sheaths.
Other sheathing concepts, such as corrugated copper & aluminum, have better predicted fatigue lives, but have very little long-term meehanical fatigue experience. These other sheaths will be evaluated in model cable configurations.
Armor Tests -The external armor must withstand a high level steady stress with an alternating stress superimposed in a seawater environment. Therefore, stress corrosion and low strain rate fatigue must be evaluated on a heavy cold-worked armor wire.
Simplex has designed a hydraulic loading machine with servo-hydraulic controls to produce slowly varying load on four samples simultaneously. Maximum stresses to be examined are 110,000 psi + 10%. The wires will be encased in a plastic container containing seawater.
Degrada~ion of the wire strength will be determined by before and after tensionelongation tests.
Corrosion fatigue · strength of the armor wire will be tested in a uniaxial tensile fatigue testing machine under varying alternating stresses .between 20,000 and 75,000 psi in a seawater environment in order to generate an S-N curve.
Finally, in situ immersion tests of models of the wet section of the cable will be deployed at various potential OTEC sites.
This will evaluate the resistance of the cable materials to both general and localized corrosion.
Other Cable Tests -In addition to the special tests described, a number of standard tests will be performed. These include AC withstand, switching surge withstand, DC high potential, impulse breakdown, and tension-elongation tests.
Test Schedule -The timely performance of this test program is critical to provision of performance criteria to the Department of Energy in order to use the electrical-power-to-shore OTEC option.
The first OTEC pilot plant is currently targeted for before 1985.
Growing needs for electrical power and concurrent escalation of the cost of fossil fuel are expected to place increasing emphasis on delivery of OTEC electrical power to shore.
The component tests and full-scale prototype tests previously described are designed to evaluate all important performance characteristics for these cables.
Component tests
are being performed in accordance with the schedule shown in Figure 3 .
Component tests began in
Component testing is an ongoing part of the four-year program. 
DTEC RISER CAILE DEIELOPIElT SCMEDULE
Manufact~re of the XLPE-insulated 138 kV 100 MW design began in January, 1980, with the completely armored test cables scheduled to be complete in May, 1980. Testing of this cable will commenee in May, with electro-mechanical tests scheduled to begin in June. Manufacture of the HPOF self-contained 138 kV 100 MW design began in February and is scheduled for completion by June, 1980. Testing of this second cable will commenee in July, 1980, in- The test schedule for these unique OTEC cables is comparabie in length to power cable development programs carried out in the past. The new design of these cables employs existing technology for the dielectric components. The results of the application of this technology. to a new and challenging use are prime information requirements.
The need for efficient and reliable transmission of OTEC power to land electrical systems makes the results of this test program of key importance.
Discussion -The program outlined in the preceding sections will provide new understanding of the interrelationship of meehanical and electrical phenomena in high voltage power cables. The performance of high voltage cable dielectrics in this unique application is the key consideration, with performance of the strength memher armor of equal importance.
The herroetic sheath performance is tied directly to the performance of the HPOF self-contained cable dielectric and, to a still undefined extent, also tied to performance of the XLPE cable dielectric.
Understanding of the mechanisms of failure in oil-filled laminated high voltage cable insulation has been developed over many decades. Phenomena such as wrinkling, buckling, registration and slippage of cable tapes are known to resuit in reduced dielectric integrity.
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Optimizing of cable desigrr and manufacturing parameters to provide a "mechanically stable" paper/oil cable design has been a prime area of concentration in the OTEC program. Thus, the initial HPOF cable manufactured for this program represeuts the best known design practice for a dynamie application.
Because the evaluation of this test cable represents the first-ever look at actual performance in a dynamie OTEC environment, it is reasonable to assume that the results that emerge from the testing will lead to modification of design.
Understanding of the mechanisms of failure in XLPE, or any extruded dielectric, has developed rapidly over the past decade. In particular, the research carried out on dendritic growth and understanding of the effects of corona dischar~e on these dielectrics has been extensive. 9
Q As a resuit of the inherent promise that this type of insulation holds for high voltage power transmission, new manufacturing processes have been developed resuiting in vastly-improved cable insulation quality. The electrical characteristics of these new cables are far better than those of cables made just 10 years ago. The effect of meehanical stresses and motions on these dielectrics and associated extruded shields ·is a field of study that has not been fully explored. It is known that extruded dielectrics are inherently poorer in voltage withstand properties when under tension. Solid dielectrics always display residual roeehanical stresses, which change with both time and temperature. When the cable is then dynamical ly cycled, as in the case of the OTEC riser cables, the resuiting localized meehanical stresses are superimposed on the residual roeehanical stresses creating a complex stress field. While the analysis of these interactions yet remains to be made on a full-scale cable, datatofeed into this analysis will be a major output of the electro-mechanical test program. The importance of these tests is seen when it is recognized that they are the first attempt ever undertaken to impose very high cyclic meehanical tensions with simultaneaus bending on a test power cable. 11 12 It is reasonable to assume at this time that if such duty does not cause localized meehanical damage, separation of shield/insulation layers, or weakening of electrical characteristics below a minimum threshold value, the dielectric portion of the cable design will be successful.
The test program will reveal the "weak link" in the cable designs, whether this is a dielectric, shield, herroetic sheath, or armor component.
This information will allow redesign of the weak link to resuit in added cable life.
By such a test/design feedback loop, it is expected that cable designs that are optimized towards supplying the desired lO-year to 30-year cable/system life will result.
eonelusion -The objective of this program is to assure the integrity of the dielectric and the cable components necessary to protect the dielectric during OTEC service.
The development of the test criteria has emphasized the need to follow the life cycle of the cable through the critical stages of core manufacture, handling, armoring, shipping, installation, operation, and recovery capability. Tests representing the conditions imposed on the cable during all of these events are included in the test program.
The improved level of understanding of component performance fellowing testing will lead to further design improvements. In addition, full-scale tests will verify the accuracy of the cable performance predietion techniques.
Reliability of the riser cable dielectric is vital to the transmission of OTEC electrical power to a landbased power grid.
The establishment of this reliability can only come from a comprehensive test program, such as the program just outlined.
